Sonic IR imaging has been shown great advantages as a NDE technology to detect defects such as cracks in metal/metal alloy structures. However, composites cannot simply be regarded as "black aluminum". The acoustic behavior of composites is quite different from that of metals. This study is to aim at the understanding of the effect of the structures and the relative positions of the sound source and the defect. In this paper, we present our work on developing Sonic IR imaging NDE for aircraft composite structures.
Introduction
Composites have long been used in peripheral aircraft structures such as flaps and spoilers, and in some instances in the empennage and low stress fuselage areas. Sonic IR imaging combines ultrasound excitation of a short pulse (typically a fraction of a second) and wide-area infrared imaging. It has been shown its advantages as a fast, wide-area NDE technology to detect defects such as cracks, delamination, and disbonds in materials and structures [1] [2] [3] [4] [5] [6] [7] [8] . Even though Sonic IR imaging is the youngest member in the NDE tools, research and development on this technology have been carried out by several groups of researchers in the recent years [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . It is learned that the acoustic behavior of composites is quite different from that of metals. In addition, concerns of types of damage in those structures are quite different as well. In composites, disbonds and delaminations are some major concerns. Those types of damage are very often subsurface defects located at certain depths [20] [21] [22] [23] [24] [25] . In the previous work on Sonic IR Imaging with composite materials, some of the authors had worked on some small-scale composite samples [7] [8] [9] [10] [11] . Ultrasound waves attenuate much more in composite materials such as carbon fiber reinforced laminated structures than in metal/metal alloy structures [23] . Thus, sound energy in composites does not propagate as far as it does in metal/metal alloy structures. Meanwhile, heating patterns in the background and interference patterns can occur as well [23] . These results can very often cause problems in defect identification in composites. However, by applying chaotic, instead of monochromatic, sound, background heat patterns can be greatly reduced, which can be greatly increase the detectability of defects in composites [24] . In spite of the attenuation in the course of ultrasound energy propagation, Sonic IR Imaging still has the capability of fast wide-area inspection in composite materials and structures. In this paper, we are going to present our development of Sonic Infrared Imaging for identifying defects in aircraft composite structures.
Experimental arrangement and sample description
In Sonic IR Imaging, the major pieces of equipment are an ultrasound excitation system, which contains an ultrasound transducer, power/control components, a commercial infrared imager, electronic synchronization control unit, and a computer with image acquisition and image/data processing unit. Ultrasound excitation sources provide a low frequency ultrasound pulse, typically a fraction of a second, to the target to cause relative motion of the faces of defects and thus frictional heating is produced in the defects. The temperature gradient in the sample results in the spreading of heat from the defects to their vicinity governed by heat diffusion equation. As a result, the surface temperature over the sample may rise which can be mapped by the infrared imager. In our experimental set-up, the ultrasound excitation systems we have used are Branson 20kHz ultrasound welder, and the IR imager is a FLIR commercial mid-IR camera. The number of the camera pixels and the size of the imaged area determine the spatial resolution of the details. The sample we used for this study is an A330 vertical stabilizer simulation panel. Figure 1 is a 3D drawing that shows the backside structure of the panel with four stringers (ribs). The panel is 162 cm x 58 cm. The thickness of its skin is 0.41 cm and that over the stringers is 0.53 cm. The adjacent stringers are about 16.5 cm apart. In addition, the panel also has four stiffeners as shown, and two of them contain disbonds. As seen in the drawing, they are located in two "channels" formed by two stringers. Each pair of the stiffeners is 70 cm apart. 
Effect of the structures and the relative positions of the sound source and the defect
The sample we used in this study is a simulation panel of A330 vertical stabilizer. We experienced the appearance differences in the resulting images of the two disbonded stiffeners when ultrasound energy is injected at different locations in the panel. When the ultrasound source was placed in the channels between two stringers where the two disbonded stiffeners are not located, we do not have the signal level from the IR camera to be able to declare the disbonds detected confidently. This is because the sound energy is basically confined in the channel between the stringers and the channel acts like a waveguide. When the ultrasound energy is injected in the channel where the defects are located, the disbands can be detected with certain level of IR signals. Therefore, the detectability of defects in composite materials can be greatly affected by their actual structures. However, even within the same channel, we can show that the relative positions of the ultrasound source and a defect can be critical for the detectability of the defect. Three particular locations were chosen for the transducer at the front side of the panel indicated with a red dot in the drawing in Figures 2a, 2b and 2c . IR images were taken from the front side of the panel for each corresponding experiments. In Figure 2a , the transducer was put at the top end. The transducer is about 25cm away from the closer stiffener. One can see that the IR image shows clearly the disbonded stiffeners located in the backside of the A330 panel circled in yellow. In Figure 2b , the transducer was put at the lower end of the panel, the IR image also shows the disbanded stiffeners, but the defects did not show as well as the results from the setting of Figure 2a . In Figure 2c , the transducer was put in between the two stiffeners. The IR image also shows the disbonded stiffeners, and showed the similar quality image to the setting of Figure 2a . Fig. 2a.   Fig. 2b.   Fig. 2c .
Fig. 2. Results from three particular locations where the ultrasound energy was injected at the front side of the panel indicated with a red dot in the drawing in Figures 2a, 2b and 2c. IR images taken under those settings show the disbonded stiffeners
Based on the results shown above, further study was carried out. We set the sound pulse to 0.8s in the experiments. This pulse length is relatively long compare to a typical pulse used in metal structures. This is due to the attenuation of the sound propagation in composites. In Figure 3 , an IR image presents the disbonded stiffeners marked as "Spot 0" and "Spot 1". In the same figure, also presented is a drawing showing the positions of the disbonded stiffeners at "Spot 0" and "Spot 1" with green spots. Meanwhile, three red spots labeled as position 1, 2, and 3 are the positions at which a 20kHz ultrasound transducer was put to induce the ultrasound pulse for different experiments respectively. This study is to aim at the understanding of the effect of the structures and the relative positions of the sound source and the defect with quantitative measurement of the IR signal levels at the two spots with different sound source locations. Position 1 is 20 cm away from "spot 0" to its right, and 90 cm away from "Spot 1" to its right; Position 2 is 50 cm away from "spot 0" to its left, and 20 cm away from "Spot 1" to its right; Position 3 is 119 cm from "spot 0" to its left, and 50 cm away from "Spot 1" to its left. Please note that "Spot 0" and "spot 1" are 70 cm apart. The relative locations between the ultrasound source positions and the stiffeners are listed in Table 1 . At each position of the sound source, the IR contrast signal levels for "Spot 0" and "Spot 1" resulted from a 3x3 pixel average are plotted for comparison, which represent the difference of IR radiation between the region of interest and the background region as a reference. All the IR signals were obtained at thirty frames per second for total of 10 seconds since the low diffusivity of the composite and the location depth of the stiffeners in the panel. Figure 4a and Figure 5a show the contrast IR signals on "Spot 0" and "Spot 1" respectively. The data clearly show how the signal levels are affected by the relative positions of the defect and the ultrasound excitation source. Among the first group of data for "Spot 0", the IR signal is at its highest when the transducer is put at position 1. Among the second group of data for "Spot 1", the IR signal is at its highest when the transducer is put at position 2. The IR signals from all the three positions at the two stiffeners fluctuate. Curve fitting of the experimental data was done to offset this fluctuation from noise. The 5 th degree polynomial was applied according to the expression (1) to fit all the 300 data for each of the six curves in a least-squares sense. The curve fitted plots are shown in Figure 4b and Figure 5b that represent the IR signal changes for all the three positions at the two stiffeners. It is clearly shown that the signal levels ranges from high to low according to the positions in the order of 1, 2, 3 at "Spot 0", and in the order of 2, 3, 1 at "Spot 1". These results are summarized in Table 1 as the "maximum IR contrast" as well. These results are quite different from those experienced in metal/metal alloy materials with Sonic IR Imaging. From all of the plots we see that they peaked around and after 4.7 seconds, fairly long after the end of the sound pulse at 0.8 second. The stiffeners are bonded to the backside of the panel and thus the disbonds occur under the panel skin thickness, which resulting in a much later peak time in these cases. y = ax 5 + bx 4 +cx 3 +dx 2 +ex + f (1) Fig. 3 . Drawing indicates the three locations where a 20kHz ultrasound transducer was put relative to the disbonded stiffeners labeled as "Spot 0" and "Spot 1". 
Conclusions
This study is to aim at the effect of the structures and the relative positions of the sound source and the defects. The effect of those factors are clearly demonstrated in this study. The IR signals of defects can change largely. It has been shown that the acoustic behavior of composites is quite different from that of metals, and defect detectability could vary dramatically depending on the composite structures and the relative locations between the ultrasound source and the defects. Due to the attenuation of the sound propagation in composites, the ultrasound pulse is typical set longer than that for metal structures, usually close to one second for composites comparing with a small fraction of a second for metals/metal alloy in our experiments. In spite of the attenuation of ultrasound energy propagation, it is shown that Sonic IR Imaging still has the capability of fast wide-area inspection in composite materials and structures, and it can see through disbonds through the regular thickness of aircraft composite skins.
